We present ultrasonic laboratory measurements on synthetic sandstones with controlled fracture density and geometry. New construction methods can provide more realistic synthetic sandstones. We built a set of sandstones containing different fracture densities, with fracture diameter about 3mm and fracture thickness about 0.06mm. P-wave and S-wave anisotropy in each sample were measured in an ultrasonic measurement system. Laboratory results show the influence of fracture density on P-wave and S-wave anisotropy. Shear wave splitting in parallel direction increases with fracture density. However, the same fracture density can be caused by a few large fractures or many small fractures. To observe the effect of fracture scale on P and S wave anisotropy, we built a set of samples with the same fracture density but different fracture scales. These samples were measured and analyzed to study the influence of fracture scale on P and S wave anisotropy and shear wave splitting.
Introduction
Seismic anisotropy due to aligned fractures causes great interests in seismic exploration. Fracture development in underground rocks has significant effect on hydrocarbon accumulation and transportation, knowing the fracture development is essential to fracture reservoir prediction and hydrocarbon production.
The rock physics properties of rock with fractures are affected by multiple factors such as porosity, permeability, fluids and fracture parameters. The fracture density has substantial effect in fracture reservoir prediction and evaluation, and knowing this parameter is helpful for evaluating the fracture reservoir precisely.
In equivalent medium theories, the fracture density is related to fracture size and the number of fractures and calculated as: η=N 3 r /V, where N is the number of fractures in a total volume V and r is the fracture radius. In this definition, the same fracture density could be caused by a few large fractures or many small fractures, and effects of fracture scale cannot be distinguished. However the fracture scale can have significant effects on seismic propagation.
There are many equivalent medium theories which study fractured medium characteristics and describe the relationship between rock properties and elastic wave propagation. In Hudson's (1980) model the theoretical predictions are based on the assumption that the scale of the fractures is much smaller than the wavelength. However, the fractures in different scale could have different effect on seismic wave propagation and anisotropy, and large scale fracture is more important for hydrocarbon storage and migration. In the multi-scale fracture model developed by Chapman (2003) , the fracture scale has a substantial effect on the relaxation time which controls fluid flow and elastic wave dispersion. Different theoretical models produce different theoretical result. Therefore it is important to calibrate theoretical models with rock physics experimental results.
Natural rocks cannot be used in experimental research of fracture media because of unknown fracture parameters and distribution. Instead, synthetic samples with controlled fractures were used in laboratory experiments on fracture media. In this study, we built a set of synthetic samples containing different fracture density to observe the effect of fracture density to seismic anisotropy. Then a set of samples with different scale fractures were built in which the different scale fractures give the same fracture density, and seismic anisotropy caused by the same fracture density but different fracture scale are measured in order to analyse the fracture scale effects.
Synthetic sample construction
We use a new production process to construct synthetic sandstone containing controlled fracture density and distribution. In the production process we ensure that the different samples have the same background anisotropy due to the layering that is often inevitable as a byproduct of the construction process. Silica sand and clay are chosen as the construction materials and sodium silicate is used as a binder. These materials are mixed in a ball mill to ensure homogeneous block production. The powder is mixed with sodium silicate, and a certain amount of mixture is laid in the mould each time. The thin penny shaped high molecular material discs are prepared firstly and then spread out over the surface to each layer. After the whole block had been prepared in mould, the mould is left to dry in a constant temperature oven for several days. The final step is to put the blocks in a high temperature muffle furnace and sinter in a high temperature environment. The high molecular material discs will be decomposed, leaving out penny shaped voids as a representation of fractures.
To create the fracture samples with different fracture densities, we used a 100×100mm mould. When laying the sand mixture in the mould each time, high molecular material discs were spread out on the surface of each layer. The surface of each layer was divided into four parts, and the number of high molecular material discs spread out on each part was 0, 20, 40 and 60. The thickness and diameter of these discs is 0.06mm and 3mm respectively. The fracture number in each part is different, and the four parts have different fracture densities but with the same background anisotropy. The sample was cut into four blocks and these were grinded into octagonal prisms with about 50mm wide faces at increments of 45° to the fracture normal.
And to build the fracture samples with different fracture diameters, we choose discs with three different diameters and spread them in three different parts of each layer. The fracture thickness of the three fractured samples is all around 0.06mm and the fracture diameter is around 2mm, 3mm and 4mm, respectively. Fracture density in these samples is around 4.8%. Table 1 shows the fracture parameters in samples with different fracture density and the samples with different fracture scale. Figure 1 and Figure 2 shows the fracture distribution in two set of samples during the construction process. 
Measurement results
These samples are saturated by water and measured using ultrasonic devices with 0.5 MHz transducers. P and S anisotropy are calculated by velocity in different directions. P wave anisotropy measured from samples with different fracture density is shown in Figure 3 . Compared with blank sample with no fractures, the fractured samples show significantly anisotropy caused by aligned fractures and the P wave anisotropy increases as the fracture density increases. The blank sample shows anisotropy due to layering during the construction process. Shear wave anisotropy in these samples are shown in Figure 4 . Compared with the influence of increasing fracture density to P wave anisotropy, shear wave anisotropy is more sensitive to fracture density. Shear wave splitting changes with different propagation direction in these samples are shown in Figure 5 . The difference between fast shear wave and slow shear wave in the perpendicular direction is very small. However the difference between fast and shear wave in the parallel direction is much larger than in the perpendicular direction, and shear wave splitting increases sharply when the fracture density increases. These measurements show the significant effect of fracture density to seismic anisotropy. Next, we present measurements on samples with the same fracture density but different fracture scale. Figure 6 . The results show that all samples with different fracture scales cause much larger P wave anisotropy compared to the blank sample. However, anisotropy caused by different scales of fractures which give the same fracture density varies with scale. The sample containing 2mm fractures shows the highest P wave anisotropy whilst the sample with 4mm fractures shows the lowest anisotropy. The shear wave anisotropy shown in Figure 7 reveals a similar phenomenon. Shear wave anisotropy in the samples with smallest fractures is the highest compared to the samples with lager fractures. Figure 8 shows that shear wave splitting in the perpendicular direction is not affected by the fracture scale. However, shear wave splitting in the parallel direction is substantially influenced by the fracture scale.
Conclusions
We used a new production process to construct synthetic sandstones containing controlled fracture density and distribution. Four rock samples contain different fracture densities were used in this study, the fracture diameter is about 3mm and the fracture thickness is about 0.06mm. The four samples show significant anisotropy caused by fractures. The measurement results reveal that the P-wave anisotropy parameter () and the S-wave anisotropy parameter (γ) increase with the fracture density. The Swave anisotropy is more sensitive to fracture density than the P-wave anisotropy. Then we build a set of samples with almost the same fracture density and fracture thickness but different fracture scale. The fracture density in the three fractured samples is about 4.8%, and the thickness is about 0.06mm, and the corresponding fracture scales are 2mm, 3mm and 4mm. The measurement results show that the P and S wave anisotropy in different samples are substantially affected by the fracture scale. The P and S wave anisotropy parameters of the samples with smaller fracture scale are significantly larger than the samples with larger fracture scale. The effects of fracture density on seismic wave propagation and anisotropy are essential to seismic exploration and fracture reservoir prediction. Knowing the fracture density could be helpful to improve the accuracy of reservoir prediction and evaluation, and enhance the hydrocarbon production and recovery. Meanwhile, different scales of fractures have very different effects on hydrocarbon accumulation and transportation. The quantitative effects of fracture scale on seismic propagation and anisotropy can help when seismic data are used for fracture detection.
